For organic nonvolatile memory devices, various polymer materials and polymer containing organometallic materials have been used for device fabrication due to advantages including device stability and endurance. [1] [2] [3] Until now, however, organic nonvolatile memory devices using small molecules as well as polymer materials have not demonstrated adequate stability, leading to a short lifetime due to lack of robustness of the organic materials. Despite the many advantages of small molecules, when only small molecules are used, the retention time of the memory device is usually short, resulting in difficulties in implementation. 4, 5 Furthermore, the use of organic small molecules had been limited by low device yields, which were mainly attributed to electrical shorting, 6 especially for voltage-driven devices. As the top metal electrode was deposited onto the organic layer, energetic metal particles often penetrated the layer to form metallic current paths, 7 which directly led to low device yield.
Thus, for the realization of organic memory devices using small molecules, it is urgently required to develop a robust organic nonvolatile memory device using an inexpensive fabrication process such as spin-coating. If the tailorable small molecules are successfully used for an organic nonvolatile memory device, it is expected that various small molecules can be applied to result in a new proto-type for a resistive organic nonvolatile memory device. For the organic memory, the organic small molecules should have electroactive and redox stable properties similar to those of organometallic materials. The transport channel that would serve as charge trapping sites and support the small molecules in place of the polymer backbone of the polymer memory device should have a semiconducting property which allows electron trapping and holding for nonvolatile memory applications.
Based on these considerations, we introduce ferrocene, a small molecule which has 18 p-electrons and is a redox-active organometallic compound at low potential, for possible use in electronic memory devices. Ferrocene itself experiences hysteresis that can provide switches and volatile memories, but it does not possess nonvolatile memory properties due to the short retention time of the charged small molecule. 8 Oxidation of iron centers can change its electrical, optical, and physical properties, leading to increased conductivity even though the retention time of ferrocene is short. For organic memory devices, changes from one state to another with a different resistance must be reversible, and the states should be stable enough for use in a nonvolatile memory device. For nonvolatile memory devices, we need to introduce a robust semiconducting p-conjugated material to help trap/hold charges. Reduced graphene oxide (rGO) is an excellent candidate for a semiconducting p-conjugated material since it is known as a very robust carbon material [9] [10] [11] [12] and can also provide good anchoring sites to covalently connect small molecules. rGOs have been used as transport channels for electrically semi-conductive materials. [13] [14] [15] [16] [17] [18] The semiconducting rGO obtained from graphene oxide (GO) is a single-atom-thick layer with a two-dimensional honeycomb lattice structure of sp 2 -and sp 3 -bonded carbon atoms. Thus, the use of rGOs is expected to result in at least 4 important advantages. First, it is easy to attach functional molecules to p-electron rich rGO. Second, rGO can provide stable, vertically-structured, metalinsulator (molecule)-metal (MIM) type memory devices due to the hardness of rGO as the support. Third, partially reduced graphene oxide can provide charge-trapping/holding sites with the help of the rGO semiconducting host, leading to a larger I-V hysteresis and longer retention time required for the development of nonvolatile memory devices. Lastly, rGO used as the supporter of the small molecules can protect from electrical shorting problem. [19] [20] [21] Therefore, it is expected that new organic electronic devices using small ferrocene molecules covalently attached to robust and semiconducting rGOs would provide low-cost nonvolatile memory devices which can be produced via simple solution processing with high device yield. 22, 23 This communication represents the first report of an electrically stable nonvolatile rewritable memory device using a small molecule, ferrocene, as the active molecule attached to graphene. The rGO serves as a semi-conducting channel that provides trapping sites, and as a protecting layer for the metal penetration. In this work, we synthesized ferrocenylphenyl-NHCO-rGO (FPArGO) as a conjugated graphene-based material with redox active small molecules covalently bonded to an active layer of rGO (Scheme 1). It is expected that new memory devices based on soluble FPArGO will have bistable and electrical switching, as well as nonvolatile rewritable memory. We also introduce the fabrication and operation of novel programmable nonvolatile memory devices based on semiconducting FPArGO, with ITO bottom and Al top electrodes (0.04 mm 2 ) (Fig. 1) . The active FPArGO layer was fabricated by a solution spin coating process, and the electrodes were deposited by an electron beam evaporator. The FPArGO was fully characterized by FT-IR, thermo gravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS), and cyclic voltammetry (CV), 24 Raman spectroscopy. 25, 26 Fig . 1 shows the typical I-V characteristics of a FPArGO film with a thickness of about 50 nm between an ITO bottom electrode on a glass substrate and an Al top electrode (i.e., ITO/FPArGO/Al). This curve was recorded by scanning the initially applied voltage from 0 to +2.5 V and then to À3 V, followed by a reverse scan from À3 V to 0 V with limited current compliance up to 1 mA. When the bias voltage was applied to an Al top electrode (0 V -2.5 V), a transition from the OFF-state to a high conducting state (ON-state) occurred, presumably because of the oxidation of ferrocene groups. The I-V curve of FPArGO was symmetric, dipolar, stable, and reproducible over thousands of scans. As the positive bias voltage increased, the current started to flow (OFF state) and suddenly increased at a threshold voltage of 2.1 V to a conductance state (ON state). The conductive ON state was maintained even in the reverse sweep range from 2.1 to À1.9 V. Below À1.9 V, the device sharply switched to the OFF state. The device yield was about 95% (105 out of 110 devices). The current density of the ITO/FPA-rGO/Al device increased as the temperature increased. The performance of the device was stable up to 200 1C.
Furthermore, control experiments were conducted with GO annealed at 200 1C or ferrocenylphenylamine as an active layer sandwiched between ITO and Al electrodes. No hysteresis effects were observed in the I-V performance results of this device ( Figure S6 , ESIw). This result shows that the bistability and memory phenomena of the FPArGO memory device originate from FPArGO. Interestingly, the ratio between the low-and high-current states was stable, resulting in a nonvolatile memory device. This switching behavior, which can be repeated for longer periods, demonstrates the potential of such a simple capacitor-like structure to act as nonvolatile random access memory (NRAM). The device exhibited similar electrical behavior when measured under vacuum or ambient conditions. In the devices exhibiting excellent switching performance, the ferrocene redox was well studied, and its oxidized form [Fe 3+ ] is also stable, allowing the possibility for use in nonvolatile memory. To understand the performance of the present FcPArGO device, the mechanism of the switching behavior was investigated. The switching mechanism of ferrocenylphenylamine with rGO should be similar to that of the ferrocene-containing polymer device. Initially, the device was in a low-conducting state (OFF-state); when the bias voltage increased, a transition from the OFF-state to a high conducting state (ON-state) occurred, presumably because of the oxidation of ferrocene groups. The hysteresis observed was the result of charging/discharging of the FcPArGO active layer, which acts as a capacitor. 22, 27, 28 We further investigated the ability of the device to produce write-multiple read-erase-multiple read (WRER) data and its retention time, which are parameters required for use as a nonvolatile memory device. 29 Fig . 2(a) shows representative results of the WRER cycle testing conducted on the device for long periods of time. In the WRER cycles, the write step was conducted by applying a positive bias voltage pulse (+ 2.5 V), and the erase step was achieved via an applied negative bias voltage pulse (À3 V). A probe voltage of +1.5 V was employed to read the ON/OFF states of the device. The WRER cycles can be repeatedly performed in excess of 1000 cycles (Fig. 2b) . This device showed no significant degradation after several hundred WRER cycles. These results confirm that the device has excellent rewritability for nonvolatile memory device applications. The FPArGO ON/OFF ratio was measured to be about 10 3 , which is greater than those of graphene-based polymer memory devices. Thus, a large ON/OFF ratio with a low driving voltage is desirable in the field of nano-scaled molecular electronics. 30, 31 For example, devices with large ON/OFF ratios can be used as random-access memory devices. 29 We performed a retention time test on the ITO/FPArGO/Al device (Fig. 3) . When the device was switched to the ON-state by applying a positive voltage pulse (+2.5 V) and switched back to the OFF-state by applying a negative voltage pulse (À3 V), the ON and OFF states were maintained for longer than 1000 s. With the help of the robust semiconducting rGO, the device showed no significant degradation for a half year under nitrogen atmosphere. Additionally, ferrocenes embedded in rGO layers have been stable due to the relatively restrained mobility of the ferrocene. As a result, new organic memory devices could provide a stable retention time, multiple switching Scheme 1 Synthetic scheme of ferrocenylphenyl-NHCO-GO (FPArGO). Fig. 1 The I-V characteristics and reliability of the electrically resistive switching behavior of FPArGO thin films with a vertical ITO/FPArGO/Al device structure (right inset).
cycles and extended device lifetime. A correlative property in a memory cell is its ability to retain information for long periods of time.
In conclusion, we successfully demonstrated a nonvolatile organic memory using a small molecule, ferrocenylphenylamine, covalently bonded to reduced graphene oxide (FPArGO) as an active layer sandwiched between ITO bottom and Al top electrodes. In addition, this is the first successful attempt to fabricate an organic nonvolatile memory device using graphene-based small molecules with a cheap spin-coating technique. The I-V characteristics of the FPArGO memory device showed reproducible and stable WRER behavior, hysteresis for more than 1000 cycles, and a long retention time of greater than 1000 s, with a high device yield of over 95% and a long lifetime of half a year under a nitrogen atmosphere. These results suggest that the FPArGO memory device has potential applications in organic nonvolatile memory electronics. This study was supported by the Creative Research Initiatives (project title: Smart Molecular Memory) of MEST/NRF. 
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